Eutrophication is a serious phenomenon in shallow lakes in Hanoi. The most important effect is the change of dissolved oxygen (DO) in the water column. The value of DO in water changed over time, and the variation of DO proved to be more important than the absolute value. The research aimed to assess the role of daily DO variation in classifying the eutrophication status of shallow lakes in Hanoi.
INTRODUCTION
Dissolved oxygen is the most important parameter used for assessing the condition of the freshwater environment.
The sources of dissolved oxygen in lakes include: oxygen diffused through the water-air interface; photosynthesis of phytoplankton in the water; respiration of aquatic organisms; bacterial oxidation of organic matter, chemical oxidation and consumption of DO by other reduced inorganic substances; and oxygen uptake by benthic sediments (Zhang et al. ) . Stratification of DO is highly dependent on the thermal stratification pattern in deep lakes (Rahman et al. ) and only slightly affected by phytoplankton photosynthesis (Zhang et al. ) . In shallow lakes with a depth of less than 10 m, the thermal stratification pattern is unclear, stratification of DO by depth is unremarkable and other sources play a more important role.
When household and industrial wastes are discharged into water, organic matter and nutrients present in wastewater are taken up by bacteria and other biological species such as algae using dissolved oxygen (DO) in the interacting processes. As these processes are parts of a food chain in the waterbody, the level of DO decreases due to various interactive biochemical and biodegradation processes (Mason ) . When a waterbody is eutrophicated, a much more complex interacting phenomenon takes place involving algae, macrophytes, detritus and especially dissolved oxygen.
Under normal conditions, an increase of DO in a waterbody is mainly due to atmospheric diffusion through the water surface and, to a lesser extent, to its production through photosynthesis by algae and emerging macrophytes.
However, the oxygen from these processes does not result in an increase in the concentration of DO due to negative impacts of algae blooms (Dachs et al. ; Xu et al. ) .
After blooming, algae die and decomposition of detritus formed by dead algae consumes DO and thus reduces DO concentration in the water, especially at the bottom of lakes.
In practice, during the day, production of DO by photosynthesis is much more powerful than oxygen consumption by other processes. This results in a short-term increase of DO in the waterbody. The concentration of DO measured during this time can be higher than saturation. The importance of DO to good water quality and healthy ecosystems is widely acknowledged by lake managers and is reflected in the establishment of standards to maintain minimum DO concentrations (Foley et al. ; Müller et al. ) .
Thus, understanding temporal DO variations, the factors affecting them, and their response to eutrophication status is important for developing strategies to adaptively protect and manage water quality in reservoirs.
The eutrophication of lakes all over the world has increased rapidly during the last decade due to increased urbanization and, consequently, increased discharge of nutrients per capita. The production of fertilizers has grown drastically in this century and the concentration of phosphorus in many lakes reflects this. However, the most critical effect from an ecological point of view is the reduced oxygen content of the hypolimnion, caused by the decomposition of dead algae. During summer, eutrophic lakes sometimes show a high oxygen concentration at the surface, but a low oxygen concentration in the hypolimnion, which can lethally and sub-lethally affect aquatic biota (Foley et al. ) . If DO concentrations are persistently below 3 mg/L, species richness of invertebrate and fish communities will remarkably reduce (Franklin ) . Sub-lethal In 2015, there were 119 lakes and ponds located in six main urban districts in Hanoi, which were mainly shallow lakes. The total surface area of these ponds and lakes was 6,959,305 m 2 (Hoang et al. ) . This system of lakes has created a unique ecological landscape in Hanoi. However, in recent years, due to urban development, the lakes have received domestic wastewater beyond their self-cleaning ability. In addition, lake management and exploitation issues overlapped. Urban lakes were severely polluted and their area has gradually shrunk in size. The majority of the urban lakes do not ensure rainwater regulation function.
This has resulted in higher biological productivity in the lakes causing 'blooming' of algae in the water. Algae and micro corpses of phytoplankton have settled in the sediment at the bottom of the lakes.
In the eutrophicated lakes, due to an increase in algae density, the process of strong photosynthesis and respiration causes a very large change in dissolved oxygen concen- 
MATERIALS AND METHODS
Study areas and experiment monitoring (4500-Norg C, ISO 5663:1984), total P (4500-P E), PO 4 3-P, 
Data analysis

Complex trophic state index
A modified Carlson's Trophic Status Index (TSI) (Carlson & Simpson ) was used to evaluate the eutrophication level of the lakes. TSI is a frequently used biomass-related trophic index. It is a numeric index of lake trophic status ranging from 1 to 100. TSI is simple to use, requires a minimum of data to compute and is generally easy to understand.
Only dissolved forms of nitrogen and phosphorus are directly available for algal growth; therefore, in this study, TSI was calculated based on available nutritional factors (DIN and DIP) (Primpas & Karydis ) . TSI is thus a calculation based on four parameters: PO 4 3-P, Chl-a, SD,
For classification, TSI in the range of <30 represents an oligotrophic (O), 30-50 a mesotrophic (M), 50-70 a eutrophic (E), and >70 a hypertrophic (H) condition.
Since the lakes of Hanoi are already eutrophic and hypertrophic, the classification is subdivided in the range of >70
and 80 for hypertrophic -a (Ha), >80 and 90 for hypertrophic -b (Hb) and >90 for hypertrophic -c (Hc).
Data driving methods
The applicability of classification trees (CTs) for assessing ecological quality was examined based on their performance in categorizing sampling points. CTs classify discrete dependent variables into a class from the values of a set of independent attributes (Quinlan ). These attributes can be continuous or discrete variables. The 'Top-down induction of decision trees' (TDIDT, also called the C4.5 algorithm) is one of the most widely used classification tree induction methods. The J48 algorithm is a Java reimplementation of C4.5 and is a part of the machine learning package WEKA (Witten & Frank ) . In this study, the J48 algorithm with binary splits was applied to induce classification trees. Standard settings were used except for pruning confidence factors (PCF). Tree pruning was applied 
RESULTS AND DISCUSSION
Water quality assessment
Water quality was assessed based on single parameters as well as complex water quality indices (Table 1) . Nutrient 
Temporal variation of diel DO
The concentration of dissolved oxygen greatly depends on the gas exchange through the water-air interface and photosynthesis processes in the lakes. Thus, DO concentration varies according to depth due to changes in solar irradiation and thermal stratification. in these productive lakes, the DO concentration is usually lowest just before sunrise and highest just before sunset.
In these lakes, oxygen dissolved in water is consumed by respiration at night much faster than it is received from oxygen diffusing from the atmosphere (Müller et al. ) .
When the DO value reached critical, lake organisms including fish, macroinvertebrate larvae may die from lack of oxygen or suffering oxygen shocks due to huge diel DO variation (Chapman ; Franklin ; Justus et al. ).
In addition, the minimum value of DO at night in some lakes went below the limit for avoidance (4 mg/L). This maximum value of 14 mg/L and a minimum of 2 mg/L. In January 2016 (the coldest time of year), when the water temperature was about 15 C, the weather was not suitable for growth of algae and the maximum and minimum levels of DO were only 6 mg/L and 3 mg/L, respectively. Similar seasonal variation in the DO was observed in the remaining lakes ( Figure 4) . The higher the daily temperature, the higher the variation of DO that was observed in the lakes.
After the incidence of massive fish dies in the West Lake in 2016, an automatic monitoring station was installed in summer 2017 to monitor several parameters of water quality in the West Lake including dissolved oxygen over time. The average daily fluctuation ( Figure 5 ) showed the DO during the night reached an extremely low value, which was considered dangerous for aquatic animals. In September, with the highest solar radiation during the year, the DO value reached the highest value reflecting intensive algae bloom in the lake. Both DO value and daily variation of DO in the winter time in December were much lower.
The role of DO variation in classification of eutrophication level
Daily variation of DO was large in the lakes studied. The correlation between the variation of DO and the parameters related to eutrophication is shown in Table 2 .
The results showed that the level of DO variability was positively correlated with algae density, TSI, and Chl-a. The change of DO, and particularly the depletion of DO to the critical value, is the main reason for fish die-off and biodiversity declination in lake ecosystems. West Lake is the biggest and most biologically diverse lake in Hanoi.
In the year 2000, the water quality was classified as good and in mesotrophic condition. The ecosystem of West Lake was rather diverse with 18 species of macrophyte, 141 species of phytoplankton, 43 species of zooplankton, 16 species of benthos, and about 39 species of fish. In addition, there were 214 species of plants and 58 species of birds around the lake (IEBR ).
Research in West Lake showed the relatively high density of phytoplankton at 65 × 10 6 cells/L. Cyanophyta presented at the highest density, accounting for 60% of total algae density in the lake, followed by Chlorophyta and Euglenophyta at the lowest density. The results showed signs of organic pollution in the lake (IEBR ).
Cyanophyta is known as an indicator for eutrophic bodies. Studies showed an increased number of Cyanophyta species, proving that the water quality changed to become and nutrient pollutants, and also actions to be taken within the catchment to achieve desired goals.
CONCLUSIONS
The diel dissolved oxygen variation is a very important parameter characterizing the eutrophication status, as well as a reason for biodiversity degradation, in the lakes of Hanoi.
Dissolved oxygen in eutrophicated lakes had large fluctuations within the same day, with the maximum value achieved at 15-16 h and the minimum value reached at 5-6 h. The DO variation significantly depended on the weather. In hot weather, the minimum value of DO concentrations was 1.5 mg/L, much lower than the limit of avoidance of aquatic animals (4 mg/L). The results of this study suggest that decision trees reveal the DO variation is an important water quality regulation key variables that affect algae bloom occurrence and are a promising tool for lake management.
The daily DO fluctuations correlated with trophic indices TSI, Chl-a, algae density, BOD 5 , and the proportion of DIN:PO 4 . These showed the close relationship between DO variation during the day and eutrophication and algae density in the lakes. The classification trees technique selected DO as an important variable to assess eutrophication levels of the lakes. Therefore, DO should be seriously reconsidered as the main parameter to assess the water quality of eutrophicated waterbodies. A practical methodology can be developed to use DO variation as an indicator of eutrophication.
